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Atomically thin transition metal dichalcogenides (TMDs) hold promising potential for applications in opto-
electronics. Due to their direct band gap and the extraordinarily strong Coulomb interaction, TMDs exhibit
efficient light-matter coupling and tightly bound excitons. Moreover, large spin orbit coupling in combination
with circular dichroism allows for spin and valley selective optical excitation. As atomically thin materials,
they are very sensitive to changes in the surrounding environment. This motivates a functionalization approach,
where external molecules are adsorbed to the materials surface to tailor its optical properties. Here, we apply
the density matrix theory to investigate the potential of non-covalently functionalized TMDs. Considering ex-
emplary spiropyran molecules with a strong dipole moment, we predict spectral redshifts and the appearance of
an additional side peak in the absorption spectrum of functionalized TMDs. We show that the molecular char-
acteristics, e.g. coverage, orientation and dipole moment, crucially influence the optical properties of TMDs,
leaving a unique optical fingerprint in the absorption spectrum. Furthermore, we find that the molecular dipole
moments open a channel for coherent intervalley coupling between the high-symmetry K and K’ points which
may open new possibilities for spin-valleytronics application.
INTRODUCTION
The adsorption of molecules to the surface of nanostruc-
tures opens new possibilities to tune optical and electronic
properties of nanomaterials [1–5]. One especially interest-
ing class of nanostructures are atomically thin transition metal
dichalcogenides (TMDs) because they combine the ultrathin
structure with an optical band gap in the range of a 1-2 eV
[6–9]. Furthermore, they show a valley and spin selective po-
larization [10–12] and are therefore promising candidates for
future application in valley- and spintronics. Due to the strong
Coulomb and light-matter interaction the absorption spectrum
shows clearly pronounced excitonic peaks [13, 14]. In addi-
tion, the atomically thin structure is very sensitive to changes
in the environment, thus the functionalization with molecules
could be very promising for technical devices, such as chemi-
cal sensors.
Here we consider TMDs non-covalently functionalized with
exemplary spiropyran molecules which exhibit a large perma-
nent dipole moment (Fig. 1). The structure of these molecules
can be reversibly switched by an external light source be-
tween an open merocyanine and closed spiropyran ring form
[15], leading to significant changes in the dipole moment [3].
Moreover, the spacial orientation of the molecules as well as
the molecular coverage influence the interaction with the ex-
citons in the nanostructure. The aim of our study is to under-
stand the optical properties of functionalized TMDs on a mi-
croscopic level. In contrast to our previous work [16] where
the focus was the activation of dark KΛ excitons by attaching
molecules as a new sensing mechanism, we want to focus in
this work on bright KK excitons and address the question if
intervalley coupling can be enabled by the molecules, cf. Fig.
1(c). In particular, we will estimate the influence of the molec-
ular characteristics on the absorption spectrum of the TMDs
taking into account coupling processes between the K and K’
valley, which are especially important in non-linear optics.
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Figure 1. (a) Close up of a randomly orientated molecule attached to
the TMD structure in distance Rz ≈ 0.36 nm corresponding to the
van der Waals diameter. The molecules are characterized by a dipole
vector d inducing interaction with excitons in the TMD material.
The dipole vector is represented by dipole moment d and orientation
along z-axis α. The orientation within xy plane is set to zero. (b) The
molecules are ordered periodically with the lattice constant ∆Rx in
x direction and ∆Ry in y direction. (c) Excitonic dispersion of K
and K’ valley. The external electromagnetic field drives the excitonic
coherence pKQ=0. This gain a center of mass momentum coupling to
the dipoles of the molecules (molecule-TMD coupling g) resulting in
pKQ6=0 which couples to p
K′
Q6=0 via the Coulomb-induced intervalley
coupling X .
THEORETICAL APPROACH
In this study we focus on the optical properties of bright
(optically accessible) A1s excitons in functionalized MoS2.
The absorption coefficient α(ω) [7] is proportional to the op-
tical susceptibility χ(ω) as the linear response to an optical
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2perturbation induced by an external vector potential A(ω)
α(ω) ∝ ω= [χ(ω)] ∝
=
[∑
ijMijpij(ω) + cc
]
ωA(ω)
(1)
and can be calculated via the microscopic polarization
pij = 〈a†i aj〉 with compound index i including momentum ki,
band λi and spin σi, and the optical matrix element Mij.
To obtain the temporal evolution of pij we solve the Heisen-
berg equation of motion i~p˙ij(t) = [pij, H] [7, 17]. Here
we use the many-particle Hamiltonian H which includes the
free carrier contribution H0 =
∑
l la
†
lal with the elec-
tronic band structure l [18, 19], the carrier-light interac-
tion Hc−l = i}e0m0
∑
l1l2
Ml1l2A(t)a
†
l1
al2 with the electron
mass m0 and the elementary charge e0, the carrier-carrier
interaction Hc−c = 12
∑
l1l2l3l4
V l1l2l3l4 a
†
l1
a†l2al4al3 and the
carrier-molecule interaction Hc−m =
∑
l1l2
gl1l2a
†
l1
al2
with molecule-TMD coupling (MTC) element gl1l2 =
〈ψl1(r)|
∑
l φ
d
l (r)|ψl2(r)〉 [2, 4]. The coupling elements are
calculated by exploiting the nearest-neighbor tight binding ap-
proach [3, 7, 20].
The molecules are attached non-covalently to the TMD sur-
face within the distance Rz (Fig. 1(a)), leaving the electronic
wave function of the TMD unchanged [21]. We can treat
the molecule-TMD interaction as a static field induced by the
molecular dipole d:
φdl (r) =
e0
4pi0
d · (r−Rl)
|r−Rl|3 (2)
where Rl denotes the position of molecule l with respect to
the substrate [4]. The dipole field is characterized by a dipole
vector
d = d(cos(φd) cos(αd), sin(φd) cos(αd), sin(αd)) (3)
with orientation αd with respect to xy plane of the TMD, ori-
entation φd in xy direction and dipole moment d (Fig. 1 (a)).
Here, we exemplary study the case of a self assembled mono-
layer of molecules which is characterized by a periodic distri-
bution with lattice constants ∆Rx(y), cf. Fig. 1(b). Further-
more, we take only spin-conserving processes with σ1 = σ2
into account. With this we find the molecule-TMD coupling
(MTC) element as
gλ1λ2l1l2 =
ie0
2pi0
∑
nm
nxnyδ|l1x−l2x|, 2pin∆Rx δ|l1y−l2y|,
2pim
∆Ry
×
∑
j
Cλ1∗j (l1)C
λ2
j (l2)δl1−l2,q
∫
dq
d · q
|q|2 e
−Rzqz (4)
with the electric field constant 0, the molecular coverage
nx(y) =
1
∆Rx(y)
and tight-binding coefficients Cj . The pe-
riodic molecular lattice allows for well defined momentum
transfers determined by the molecular lattice constant, see the
appearing Kronecker deltas in Eq. (4). Hence the MTC ele-
ment is discrete for periodic distributions, cf. Fig. 2(a), and
decreases with the momentum q. Note that, for randomly dis-
tributed molecules MTC allows continuous momentum trans-
fer which however does not qualitatively change the results
presented in this study.
To get access to excitonic properties in TMDs which have
been shown to dominate the optical spectra [14], we transform
our system into center of mass Q and relative q coordinates,
i.e. Q = k2 − k1 and q = αk1 +βk2 with α = mhmh+me and
β = memh+me and project the microscopic polarization into the
excitonic basis
pλ1σ1λ2σ2k1k2 → pλ1σ1λ2σ2qQ =
∑
µ
ϕµqp
µ
Q (5)
with excitonic state µ, excitonic wave function ϕµq and exci-
tonic polarization pµQ. Note that from now on we only con-
sider the energetically lowest A1s transitions [9]. Hence it
is convenient to denote the excitonic state by the valley, i.e.
µ = (K,K ′). The separation ansatz from Eq. (5) enables us
to decouple the relative from center of mass motion. For the
relative part we solve the eigenvalue problem
~2q2
2mµred
ϕµq −
∑
k
Vexc(k)ϕ
µ
q−k = εµϕ
µ
q (6)
which is known as the Wannier equation [7, 20, 22] with exci-
tonic eigenfunctions ϕµq and eigenenergies εµ in the excitonic
state µ and the reduced mass mµred =
mµh+m
µ
e
mµh·mµe . The electron-
hole contribution of the Coulomb interaction includes the
Fourier transformed Keldysh potential [23]
V (k) =
e20
0(1 + 2)L2
1
|k|(1 + r0|k|) , (7)
with the sample size L2, dielectric screening constants of the
surrounded media 1,2 (in this work free-standing TMD with
1 = 2 = 1 ) and screening length r0 = d⊥1+2 . The thick-
ness d of the material is assumed to be the distance between
two sulfur atoms in z direction (d ≈ 0.318 nm [24]) and for
the dielectric tensor of the TMD layer we assume only the in-
plane component ⊥ of the corresponding bulk material [24].
The excitonic basis approach enables us to write down the cor-
responding TMD Bloch equation for excitonic microscopic
polarization pµQ
i}
d
dt
pµQ(t) =
[
εµ − ~
2Q2
2M − iγ
]
pµQ(t) + Ω(t)δQ,0
+
∑
kG
µ
Qkp
µ
Q−k(t) +X
µν
Q p
ν
Q(t). (8)
Here, the Rabi frequency Ω(t) = ie0}m
∑
q ϕ
µ∗
q M
c↑v↑
q ·A(t)
originates from the external electromagnetic field A(t) and
drives polarization pµ0 which correspond to excitons with
no center of mass momentum. Moreover we introduced a
dephasing constant γ, including dephasing due to higher
order correlations.
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Figure 2. (a) The molecule-TMD coupling (MTC) element and (b)
intervalley-coupling (IVC) element for the allowed center of mass
momentumQ. Due to the dumbbell-like shape of the dipole potential
(cf. (2)) the MTC element exhibits a maximum for Q = 0 and
decreases with Q. Depending on the orientation of the dipole vector
within the xy plane, contributions in x and y direction are more and
less pronounced. In contrast the IVC element is zero for Q = 0
due to the fact that the system needs a center of mass momentum
to enable intervalley coupling processes. For increasing Q the IVC
increases.
The molecule-TMD coupling in excitonic basis reads
GµQk =
∑
q
[
ϕµ∗q g
cc
q−αQ,q−αQ+kϕ
µ
q+βk−
ϕµ∗q g
vv
q+βQ−k,q+βQϕ
µ
q−αk
]
(9)
and drives the indirect polarization pµQ and hereby enables
a momentum transfer between the molecules and the TMD
monolayer. Interestingly, this momentum gives rise to a co-
herent oscillation transfer to the other valley ν via the inter-
valley coupling (IVC) element
XµνQ =
∑
qk
V (Q)
}2
V 2c m
2
∏
σ
(ωvσ − ωcσ) ×
(Mv↑c↑q+βQ ·Q)(Mc↓v↓q−αQ−k ·Q)ϕµ∗q · ϕνq−k (10)
which is linear in Q and vanishes with the center of mass mo-
mentum, e.g. XµνQ→0 → 0.
Figure 2 illustrates the momentum dependent coupling ele-
ments both for the molecule-TMD coupling from Eq. (9) and
intervalley coupling from Eq. (10). In contrast to MTC ele-
ment which decreases with large center of mass momenta Q,
the IVC element is zero for Q=0 and increases linearly with
Q (Fig. 2(b)). Therefore only excitonic coherence exhibiting
a center of mass momentum enable intervalley coupling pro-
cesses, as schematically illustrated in Figure 1(c) for optical
excitation of the K valley, i.e. µ = K and ν = K ′. The ex-
ternal light excites direct transitions pKQ in the K valley. The
optically induced coherence pK0 now couples to the dipoles
of the adsorbed molecules and gains non-zero center of mass
momentum resulting in pKQ6=0 6= 0. The gained center of mass
momentum opens a channel for coherent intervalley oscilla-
tion transfer viaX (cf. Eq. (10)) which directly couples pKQ6=0
and pK
′
Q 6=0.
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Figure 3. Excitonic absorption spectrum of pristine and
merocyanine-functionalized MoS2. For the pristine spectrum (dark
gray line) we observe a resonance at 1.9 eV in good agreement with
previous studies [14]. We find in case of functionalized MoS2 (blue
line) that the main peak is redshifted by 20 meV. We also observe an
upcoming side peak in approx. 130 meV distance to the main reso-
nance. Taking intervalley coupling into account, cf. orange line, we
observe a further splitting of the side peak in the range of 5 meV.
EXCITONIC ABSORPTION SPECTRA
Now we have all ingredients to calculate the optical re-
sponse by inserting the solutions of the TMD Bloch equation
from Eq. (8) in the Elliott formula Eq. (1). The calculated
excitonic absorption spectrum, both for pristine (dark gray
line) and functionalized (blue line) MoS2 is shown in Fig. 3.
We see that the attached merocyanine molecules induce major
changes to the spectrum, in particular a redshift ∆Ered of the
main peak and an additional side peak. In the following we in-
vestigate the observed effects in detail, in particular studying
the dependence on molecular characteristics. As the redshift
is the most pronounced feature in the optical absorption and
experimentally easy accessible, we focus our analysis on that.
Note, however that our calculation revealed similar trends for
the peak splitting and the intensity ratio between main and
side peak.
We will first neglect the influence of intervalley coupling and
thereby find an analytic solution for the excitonic polarization.
Under the assumption that indirect transitions pµQ−k are
mainly driven by center of mass momentum Q = |k|, one
can find a solution for the direct transitions
pK0 (ω) =
Ω(ω)
~ω − εK −
∑
k
GK0kG
K
kk
~ω − εK − ~2k22M
(11)
and we expect resonances in the absorption spectrum to ap-
pear at
ε1,2 = εµ +
~2Q2xy
4M
∓
√(~2Q2xy
4M
)2
+ G˜(Qxy) (12)
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Figure 4. Redshift of the excitonic absorption spectrum depending on
the functionalization parameters (a) molecular coverage, (b) dipole
moment, and (c) dipole orientation. The comparison between an-
alytic (numeric) solutions for MoS2, indicated by the blue (dashed
blue) lines, shows that the analytic formula reproduces the trends
very well.
where we evaluated the sum over k in Eq. (11) by focusing
on the dominant terms, i.e. kx = 2pi∆Rx and ky = 0 resulting
in Qx = 2pi∆Rx and Qy = 0. Here, we have introduced the
abbreviations G˜(Qxy) = G0, 2pi∆RxG
2pi
∆Rx
, 2pi∆Rx
.
For vanishing molecule-TMD coupling, i.e. G˜ = 0 this repro-
duces the pristine peak at ε1 = ε2 = εµ. The solutions ε1,2
correspond to the position of the main peak (ε1) and the ap-
pearing side peak (ε2) in the functionalized absorption spec-
tra. Figure 4 compares the analytic approach (dashed blue
line) from Eq. (12) with the exact numerical solution (solid
line) with respect to the observed redshift of the main exci-
tonic resonance demonstrating that the analytic solution re-
produces well the qualitative trends. Moreover, Eq.(12) re-
veals that the position of the resonances crucially depends on
both the molecular characteristics, such as molecular cover-
age n, dipole moment d and dipole orientation α, and on the
electronic properties of the TMD entering through the total
mass M .
Figure 4 shows the dependence of the redshift on the molec-
ular coverage, dipole moment and dipole orientation. First,
the redshift (Fig. 4(a)) exhibits a maximum for the molecu-
lar coverage n ≈ 0.1 nm−2 which can be explained by the
structure of the MTC element, cf. Eq. 4. Projecting the
MTC element into the excitonic basis and using the relation
n ∝ Q22pi we find GQ ∝ n2e−2
√
n which shows a local maxi-
mum as there are two counteracting processes: increasing the
number of molecules naturally (i) increases the strength of the
coupling (∝ n2) as the molecules come closer together, but
on the other hand (ii) the impact of the exponential decrease
stemming from q-dependence in Eq. (4) suppresses the cou-
pling for growing densities resulting in a maximal redshift for
n ≈ 0.1 nm−2.
For the dipole moment (Fig. 4(b)) we see a clear quadratic
behavior which is easily explained by GµQk ∝ d2 stemming
from Eq. (4). The stronger the dipole moment, the stronger
the induced dipole field and hence the molecule-TMD cou-
pling. Moreover, we observe that the redshift for the spiropy-
rane molecule configuration is significantly smaller than for
the merocyanine form due to the much smaller dipole mo-
ment. Finally, we find for the molecules orientation, GµQk ∝
sin2 α − cos2 α, which shows a maximal impact for perpen-
dicular orientation. The dipole axis faces the TMD surface,
and similar to classical dipole fields, the induced electric field
is maximal in the direction of the dipole axis. Moreover, as
the induced field in the plane perpendicular to the dipole axis
is isotropic to a large extent, we set φd = 0 as it does not
change the molecule-TMD interaction significantly.
Finally, Eq. (12) shows that the electronic band structure of
the TMDs is a crucial parameter for the position of the reso-
nances. The curvature of the material enters here via the total
mass M and we find that the redshift is more pronounced the
smaller the total mass is which is in agreement with previ-
ous studies on the impact of electronic structure on molecule-
substrate coupling [2].
INTERVALLEY COUPLING
Now we show that the molecule-induced center of mass
momentum enables Fo¨rster like intervalley coupling that is
often referred to in literature as Coulomb exchange coupling
[25–33]. Beside the clearly visible molecule induced redshift
and peak splitting of the excitonic resonance we observe
a further peak splitting ∆Esplit in the absorption spectrum
if we consider intervalley coupling, cf. the orange line in
Fig. 3. Interestingly, only the side peak shows a splitting
whereas the main peak is only decreasing in intensity. This
is explained by direct and indirect coupling processes. As
the intervalley coupling element X vanishes for Q=0 (cf. Eq.
(10)), the Coulomb exchange interaction can not directly
couple the polarization pK0 in the K valley to polarization p
K′
0 ,
cf. Eq.(8). However, this Fo¨rster-like term directly couples
pKQ 6=0 to p
K′
Q6=0 inducing a splitting of their resonances once
the molecule “activates” those transitions, cf. Fig. 1(c). The
intervalley coupling is a secondary process which requires
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Figure 5. Excitonic coherence reflecting (a) direct (|pµ0 |) and (b) indirect (|pµQ|) electronic transitions for pristine (blue) and functionalized
MoS2, with (orange) and without (red) intervalley coupling. (a)The polarization pK0 is driven by an external electromagnetic field at t=0. In
the presence of the molecule we observe a higher and lower frequency oscillation, with oscillation time ∆t1 and ∆t2, respectively. The faster
oscillation corresponds to the intravalley molecule-induced peak splitting ∆E observed in the absorption spectrum in Fig. 3, the slower to the
intervalley coupling induced side peak splitting ∆Esplit.
the molecule-TMD interaction to work. Hence, controlling
the dipole moment of the adsorbed molecules also means
to control the X-term induced coherent intervalley coupling
mechanism.
Figure 5 shows the directly and indirectly induced polar-
ization in the optically excited and unexcited K’ valley. In
Fig. 5(a) we see the squared direct transitions |p0| in the
K valley. Adding the merocyanine molecules to the system
(dark red line) the polarization starts to oscillate with the
oscillation time ∆t1 = 32 fs (cf. the inset). This corresponds
to ∆E = 130 meV and represents the difference between the
main and the side peak due to the molecule. Furthermore,
taking into account intervalley coupling (orange line), one
observes an additional oscillation with ∆t2 = 1.1 ps. This
represents the intervalley peak splitting in the range of
∆Esplit = 4 meV. Finally, the induced coherent intervalley
transfer leads to a optically bright polarization pK
′
0 in the
K’ valley (green line) with same oscillation time ∆t1,2. In
case of spiropyrane molecule the induced polarization pK
′
0 is
neglicable small.
Fig. 5(b) shows the directly coupled coherence |pµQ| with
center of mass momentum Q 6= 0 in the K and K’ valley.
Naturally, |pµQ| is zero for the pristine system (blue line) since
only transitions Q = 0 are optically driven due to the vanish-
ing momentum transfer of the driving electromagnetic field.
Adding molecules (dark red line) enables indirect transitions
withQ 6= 0 and therefore polarization |pQ| is induced. Again,
we observe an oscillation with oscillation time ∆t1 due to
MTC and an exponential decrease due to dephasing. Also
for the indirect transitions the intervalley coupling (orange
line) leads to a further oscillation ∆t2 and one observes a
pronounced polarization in the K’ valley (green line). Since
pK
′
Q couples directly to p
K
Q the oscillation transfer between
these resonant quantities is extremely efficient and hence both
oscillate with the same amplitude. This explains the side peak
splitting in the absorption spectrum that can be interpreted
as the response to induced indirect transitions pKQ . Even
though the induced intervalley coupling can be only indirectly
measured in linear optics, the possibility to control intervalley
coupling shows exciting prospects in the non-linear regime.
CONCLUSION
Using a microscopic and semi-analytic approach we have
studied the optical properties of TMD-hybrid materials in the
linear regime. We have shown that non-covalently attached
molecules exhibiting a dipole moment significantly influence
the optical response of the energetically lowest excitonic tran-
sitions. In particular, our calculations predict a redshift of tens
of meV and a peak splitting in the range of 100 meV. The op-
tical properties of the functionalized material strongly depend
on the molecules characteristics, such as molecular coverage,
dipole orientation and dipole moment. We further have shown
that the Coulomb-induced intervalley coupling can be turned
on in the presence of molecules. This allows to control the co-
herent intervalley coupling process and may open new possi-
bilities in tailoring hybrid materials for spin- and valleytronics
application.
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